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Objective: Translation of promising treatments for post-traumatic osteoarthritis (PTOA) to patients with
intra-articular fracture (IAF) has been limited by the lack of a realistic large animal model. To address this
issue we developed a large animal model of IAF in the distal tibia of Yucatan minipigs and documented
the natural progression of this injury.
Design: Twenty-two fractures were treated using open reduction and internal ﬁxation with either an
anatomic reduction or an intentional 2-mm step-off. Pre-operatively, and 3 days, 1, 2, 4, 8, and 12 weeks
post-operatively, animals were sedated for synovial ﬂuid draws and radiographs. Limb loading was
monitored at the same time points using a Tekscan Walkway. Animals were sacriﬁced at 12 weeks and
the limbs were harvested for histological evaluation.
Results: All animals achieved bony union by 12 weeks, facilitating nearly complete recovery of the initial
60% decrease in limb loading. TNFa, IL1b, IL6, and IL8 concentrations in the fractured limbs were elevated
(P < 0.05) at speciﬁc times during the 2 weeks after fracture. Histological cartilage degeneration was
more severe in the step-off group (0.0001 < P < 0.27 compared to normal) than in the anatomic
reconstruction group (0.27 < P < 0.99 compared to normal).
Conclusions: This model replicated key features of a human IAF, including surgical stabilization,
inﬂammatory responses, and progression to osteoarthritic cartilage degeneration, thereby providing
a potentially useful model for translating promising treatment options to clinical practice.
© 2015 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Post-traumatic osteoarthritis (PTOA) is a common and poten-
tially devastating complication following joint injury. It has been
estimated that capsular or ligamentous injury can increase the risk
of subsequent osteoarthritis (OA) by 10-fold, and an intra-articular
fracture (IAF) can increase the risk of subsequent OA more than 20-
fold1. In the United States, PTOA accounts for approximately 12% of
all symptomatic OA, affecting approximately 5.6 million patients at
a cost of more than $3 billion annually2. The PTOA burden is
dramatically increased in the military, with a prevalence more thanto: J.E. Goetz, Orthopaedic
, IA 52242-1100, USA. Tel: 1-
tz).
ternational. Published by Elsevier Ldouble that of the general population, and 94.4% of the OA cases
that result in an unﬁt for duty designation being attributable to
traumatic joint injury3. Patients from the general population pre-
senting with PTOA are typically 9e14 years younger than patients
presenting for primary OA2, and patients presenting with PTOA in a
military population are frequently in their late 20's and early 30's4,5.
This young and highly disabled patient population is at a much
higher risk for implant failure requiring revision in joints treated
with arthroplasty, and at a higher risk for development of OA in
adjacent joints if treated with a joint fusion.
The belief that anatomic joint reconstruction will prevent
PTOA after IAF has been supported by numerous clinical studies in
which more accurate articular surface reconstruction improved
clinical and functional outcomes in patients with tibial plafond6,7
and acetabular fractures8. Furthermore, ﬁnite element models of
repaired tibial plafond fractures have demonstrated that abnormaltd. All rights reserved.
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congruity correlate with the development of PTOA 2 years after
IAF10. However, with the exception of arthroscopically assisted
reduction11, there has been very little advancement in the ability to
more accurately reconstruct IAFs. Perhaps more importantly, even
with the emphasis on improved articular reduction, there has been
very little change in the overall incidence of PTOA after IAF over the
past 40 years12.
These data indicate reduction quality is not the only factor
contributing to outcome, and the cartilage impact injury plus the
whole-joint inﬂammatory response are signiﬁcant factors
contributing to the development of PTOA after an IAF13. It has been
shown that chondrocyte viability decreases dramatically along
fracture edges after IAF14, and over time chondrocyte death prop-
agates from fracture lines into previously viable cartilage15. Chon-
drocyte death induces further inﬂammatory responses in the joint
which can actively degrade the cartilage13,16,17,18. Studies of po-
tential mechanisms for blocking cell death and inﬂammatory
response to IAF have been limited by their investigation in explant
systems which omit a full inﬂammatory response, or in non-
physiologic in vivo models in which the joint is opened and the
cartilage is impacted with a metallic surface. Translation of prom-
ising treatment methods for PTOA from the benchtop into clinical
practice necessitates animal models that replicate both the full
spectrum of joint reaction to IAF and eventual degradation to late-
stage PTOA.
A mouse model of closed IAF has been used to investigate nat-
ural history and potential treatment targets for preventing PTOA. In
that model, a materials testing machine drives an indenter into the
proximal tibia from outside the joint, causing fracture without
subjecting the system to the additional and non-physiologic com-
plications associated with disrupting the joint capsule19. That
model has been successfully used to demonstrate that chondrocyte
death was associated with IAF in a closed setting, synovitis scores
increase in joints with higher energy fractures20, PTOA severity
increases in the context of obesity21, and decreasing particular in-
ﬂammatory cytokines limits PTOA development22e24. The main
drawback is that the mouse knee is extremely small, which pre-
cludes the ability to replicate human-like treatment of IAF, which
typically includes open reduction and internal ﬁxation. Addition-
ally, mice are an extremely resilient species and often heal injuries
much faster than other species.
The objective of this work was to develop a large animal model
of closed IAF and to document the progression from initial injury
to development of PTOA. It was hypothesized that the Yucatan
minipig would reliably model the natural history of a distal tibia
IAF while allowing human-like fracture treatment. The Yucatan
minipig is a species purpose-bred for research, and it was selected
for this work because it is unable to totally ofﬂoad an injured joint
via 3-legged gait, it weighs approximately the same as an adult
human when fully grown, and has joints large enough to be
treated with human-like fracture ﬁxation hardware. This large
animal model would ﬁll the gap between small animal studies
and clinical implementation of candidate therapies for PTOA
treatment.
Methods
IAF creation
With IACUC (1007141 and 1307140) and Department of Defense
ACURO approval, unilateral IAFs were created in the left distal tibia
of twenty-two male Yucatan miniature swine (minipigs) (n ¼ 4
from Sinclair Bioresources, Columbia, MO; n ¼ 22 from Exemplar
Genetics, Sioux Center, IA). Animals were skeletally mature withan average age of 30 months (range 25e35 months) and an
average weight of 77 kg (range 58e110 kg) at the time of surgery.
Under general anesthesia (inhaled 2e3.5% isoﬂurane in oxygen)
and local lidocane block, an antero-medial approach was used to
expose the anterior tibial surface, and a secondary posterior-
medial approach was used to expose the distal talus. Special
attentionwas paid to preservation of the peri-articular soft tissues,
including the ligaments and the joint capsule. With ﬂuoroscopic
visualization, a custom tripod device was attached to the talus
using three 4-mm to 5-mm tapered conical external ﬁxator pins
(Electro Biology Inc., Parsippany NJ)25. A stress-rising saw cut was
made across the full medial/lateral width of the distal tibia stop-
ping 1e2 mm proximal to the subchondral bone, and a small
metallic plate with a metallic sphere was press ﬁt into two holes
drilled through the anterior tibial cortex immediately proximal to
the saw cut (Fig. 1C)25. Using a custom-designed pendulum de-
vice26, a 40 J impact was delivered to the talus via the custom
tripod device (Fig. 1A). This impact energy had proven sufﬁcient
for inducing tibial fracture during extensive cadaveric pilot testing.
The impact drove the talus into the anterior distal tibia, fracturing
the tibia near the stress-rising saw cut. Energy not associated with
causing the fracture passed through the limb and was measured
using the compression of a spring construct mounted on the
pendulum26. The fracture pattern consisted of a single fragment
comprising the anterior one-third to one-half of the tibial plafond
(Fig. 2).
After IAF, animals were randomly allocated to an anatomic
reduction group or a step-off group. In twelve animals, the fractures
were anatomically reduced and plated using a veterinary-grade
2.7-mm TPLO plate (VP4400.R3-2.7, Synthes, West Chester PA).
Bicortical screws were inserted into the three screw holes proximal
to the fracture line, and one bicortical screw was inserted into the
distal center hole. A supplementary bicortical screw was inserted
medial to the plate to prevent rotation of the fracture fragment. In
the other ten animals, an intentional step-off was created by plating
the anterior fragment 2 mm proximal to the anatomic position.
Joints were held in the step-off position using the 2.7-mm TPLO
plate on the anterior aspect of the tibia plus a 2.7-mm L-plate
(VP1380.R3-2.7, Synthes, West Chester PA) on the medial aspect of
the tibia. All animals were casted for a period of 1 week after
fracture and allowed to bear weight as tolerated. Casts were
changed on Day 3 when the animals were sedated for radiographs
and blood/ﬂuid draws.
Unless animal aggression required single housing, animals
were housed 2 per pen in concrete-ﬂoored enclosures with rubber
mats/wood chips as bedding. Animals were allowed unrestricted
pen activity and a hard rubber ball for enrichment. Water was
provided ad libitum, and animals fed a standard swine feed (3%
bodyweight/day split into a morning and evening feeding). All
animals were monitored twice daily by veterinary staff blinded to
the reduction group. Twelve weeks after IAF and ﬁxation, animals
were sedated (telazol/ketamine/xylazine combination e 500 mg/
mL, 250 mg/mL, 250 mg/mL, respectively) and euthanized with
single injection of Euthasol (120 mg/kg). Tissue harvest and indi-
vidual specimen analysis were performed in the order of animal
sacriﬁce and conducted in a blinded fashion until ﬁnal statistical
analysis.
Gait analysis
Prior to IAF surgery, and 1, 2, 4, 8, and 12weeks post-operatively,
limb loading was evaluated using a Tekscan Walkway system
(Tekscan, Boston, MA). Each animal traversed theWalkway at a self-
selected speed while foot pressure data were captured at 60 frames
per second. A synchronized standard video and the Walkway
Fig. 2. Intra-operative ﬂuoroscopy image of the fracture fragment (A) and the ﬁnal reduction and ﬁxation (B). The resulting fracture fragment is approximately one-third of the AP
joint width (C). In this inferior to superior view of the distal tibia, the synovial fossa is evident as the darker area in the center of the tibia.
Fig. 1. Schematics (A&C) and corresponding intra-operative photographs (B&D) of the full impaction pendulum (A&B) and the hardware applied during surgery (C&D).
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map. Peak pressure and peak vertical impulse were determined for
each limb. Five trials per animal were acquired at each Walkway
session, and data from replicate trials were averaged to obtain a
single value at each post-operative time point. Differences between
fractured and intact contralateral limbs were evaluated using
paired t-tests with a signiﬁcance of P < 0.05.
Imaging & analysis
Intra-operatively, fracture reduction was evaluated using stan-
dard C-arm ﬂuoroscopy. At day 3 and at 1, 2, 4, 8, and 12 weeks
post-operatively, the animals were sedated for AP and ML radio-
graphs. Fracture healing was evaluated visually for presence ofthe fracture line, widening of the fracture gap, and progressive
displacement of the fracture fragment.
Prior to surgery and immediately after sacriﬁce, CT scans of the
left and right hocks of each animal were collected. Pre- and post-
operative scans were manually segmented (OsiriX, Pixmeo,
Geneva, Switzerland) to isolate the distal tibial surface. The post-
operative joint surface was matched to the pre-operative joint
surface by aligning non-articular portions of the distal tibia (Fig. 3)
with a registration algorithm in Geomagic Studio (3DS, Rock Hill
SC). Registered surfaces were exported to Matlab (The Mathworks,
Natick, MA) for analysis of articular surface deviation using custom-
developed code for identifying maximum step-off height, average
surface depression, and percentage of joint surface depressed more
than 1 mm.
Fig. 3. Illustration of the methodology used to calculate residual surface incongruity at
the end of the 12-week survival period in a 2-mm step-off animal. The post-operative
tibial surface geometry (gray) was matched to the pre-operative surface geometry
using the diaphyseal shaft and the intact posterior joint surface. The residual in-
congruity distances were mapped on the post-operative joint surface geometry and
exported for further analysis.
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At the same times the animals were sedated for post-operative
radiographs, synovial ﬂuid was collected from the fractured and
intact contralateral hocks. The synovial ﬂuid was analyzed using a
porcine-speciﬁc cytokine array (QAP-CYT-1, RayBiotech, Norcross,
GA) which allowed for quantifying several inﬂammatory cytokines
that have been implicated in cartilage degeneration. Cytokines
included in the array were IL1b, IL4, IL6, IL8, IL10, IL12, GM-CSF,
IFNg, TGFb, and TNF. To account for dilution of the synovial ﬂuid
that occurred as a result of joint lavage during ﬂuid harvest, cyto-
kine values were normalized using the ratio of serum blood urea
nitrogen (BUN) to the synovial ﬂuid BUN. A Wilcoxon matched-
pairs signed rank test was used to compare cytokine levels be-
tween fractured and intact contralateral limbs.Histological evaluation
Upon sacriﬁce at 12weeks, fractured and contralateral hockswere
harvested for histological analysis. The tibia and the talus were split
into medial and lateral compartments, ﬁxed in formalin, decalciﬁed,
embedded in parafﬁn, and cut into 5-mm sections. Four sagittal sec-
tions were analyzed from each joint: through the apex of the medial
and lateral talar domes, and through the deepest concavities on the
medial and lateral distal tibia. Sections were stained with Weigert'sH&E, Safranin O, and Fast Green and digitized on an Olympus VS110
virtual microscopy system through a 20 objective (383 nm/pixel
image resolution). Digitized images were analyzed using a porcine-
speciﬁc automated Mankin scoring routine developed in
Matlab27e29. Porcine-speciﬁc cell density, proteoglycan density, and
zonal thickness values were deﬁned from six normal (average 27
months of age) Yucatan minipig hocks harvested and processed
identically to the experimental limbs. Objective Mankin scores were
assigned every 0.5 mm across the joint surface. A 20-mm span of
weightbearing cartilage was evaluated on the talar surfaces. Cartilage
evaluation in the distal tibia was complicated by the presence of the
synovial fossa, a naturally occurring depression in the articular sur-
face of many quadruped joints30,31. Cartilage overlying this feature
does not have a normal articular cartilage appearance, and thus
cannot be accurately evaluatedwith theMankin scale. Therefore, two
5-mm spans of cartilage (one anterior and one posterior to the
fracture and/or the naturally occurring synovial fossa) were evalu-
ated on the tibia. Spatial maps of Mankin scores were simpliﬁed into
a single value by averaging all of the Mankin scores that were
assigned at 0.5-mm intervals across the joint surface. This method
provided information about the spatial extent of cartilage damage as
small areas of high damage would not signiﬁcantly increase the
overall specimen average, but broad spans of moderately damaged
tissue would result in a higher overall average. To parallel the more
standard method of applying the Mankin score32 or evaluating
microscopic structural damage in a large animal model with the
OARSI scoring method33, the maximum score on each surface was
also determined by selecting the maximum score from the joint
surface score map. Two-way ANOVA with a Holm-Sidak multiple
comparisons test was used to compare average or maximumMankin
scores between normal, fractured, and contralateral specimens.
Results
Impact analysis
Of the twenty-two pigs, four were sacriﬁced early (range: 3 days
to 2 weeks post-operatively) after fracture dislocations of the hock
(n ¼ 3) or the hip (n ¼ 1). Two additional animals were omitted
from analysis due to intrusion of the ﬁxation hardware into the
joint. Thus, a total of sixteen animals were available for analysis.
Nine of these animals had an anatomic reduction of the fracture,
and seven animals were given a 2-mm step-off. One anatomic
reduction animal experienced a delayed union and was grouped
with the step-off animals for all analyses, resulting in n ¼ 8 animals
in each reduction group. The energy absorbed during fracture
averaged 21.9 J ± 4.8 J (range 11.7 Je30.0 J), which was an average of
54% of the 40 J input energy26. Early in the study, three animals
required a second impact to achieve a fracture. Because the energy
of the secondary impact that ultimately caused the fracture was in
the same range as the single-impact fractures, these multiple-
impact cases were considered valid trials, and the data were
included in all analyses.
Image analysis
Radiographs were evaluated qualitatively for loss of ﬁxation as
evidenced by subsidence of the anterior fragment or expansion of
the gap between the fragment and the intact bone. There was no
evidence of joint space narrowing or osteophyte formation at the
conclusion of the 12 week study. In only one animal was there
evidence of a delayed union, all other animals appeared to have
stable ﬁxation throughout the duration of the study. When hard-
ware was removed at the completion of the study, the fracture
fragment was fully integrated with the distal tibia in all animals.
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congruity by direct comparisonwith the pre-operative joint surface.
As expected, both the maximum surface deviation (P ¼ 0.010) and
the average surface deviations (P ¼ 0.034) were higher in the 2-mm
step-off group than in the anatomic reconstruction group (Fig. 4).
Maximum surface deviation was well above 2 mm in both groups,
indicating that even with good reduction there were still focal lo-
cations of residual incongruity or bone loss along fracture edges. In
the anatomic reduction group, there was signiﬁcantly less total joint
surface that was depressed (P ¼ 0.032), and nearly all of that
depression was less than 1 mm. The 2-mm step-off group obviously
had a much larger area of depressed joint surface (P ¼ 0.015), and
much of that area was depressed more than 2 mm (Fig. 4).
Gait analysis
All animals beganwalking on their fractured and repaired limbs
within hours after surgery and continued to at least partially load
the fractured limbs over the duration of the study (Fig. 5). Peak
vertical force in the injured limb 1 week after fracture was 45% of
the pre-operative value, recovering only to 49% of pre-operative
loading 2 weeks after fracture. These decreases were statistically
signiﬁcant (P < 0.001). In weeks 4e12, peak vertical force pro-
gressively increased, returning to near pre-operative values by theFig. 4. CT-based analysis of articular surface incongruity. Data are presented as averages (n ¼
had a greater percentage of the articular surface that was depressed at least 2 mm.
Fig. 5. Average (black) and individual animal (gray) limb loading following intra-articular fra
the step-off groups, so the average is the average of all 16 study animals. All data are norma
decreases in limb loading from pre-operative values are indicated with an asterisk.end of the 12-week study. There was no statistically signiﬁcant
difference in peak force on the fractured leg 12 weeks after fracture
compared to pre-operative values (P ¼ 0.12). There was no differ-
ence in limb loading between animals with an anatomic reduction
and animals with a 2-mm step-off at any time point
(0.06 < P < .0.7). Vertical impulse showed a nearly identical trend,
decreasing to 46% of pre-operative values at 1 week, and recovering
to near pre-operative values by week 8. Differences in vertical
impulse were signiﬁcantly different from pre-operative values only
through week 2 (P < 0.001).
Synovial ﬂuid cytokine analysis
IAF resulted in statistically signiﬁcant (P < 0.05) elevations of IL6
and IL8 relative to the intact contralateral limb 3 days and 1 week
after the fracture (Fig. 6). Two weeks after fracture, IL6 and IL8
levels were still elevated relative to both pre-operative values and
contralateral limb values (P < 0.05 for IL6, and P ¼ 0.06 for IL8).
However, by 4 weeks after the fracture, IL6 and IL8 levels had
returned to near baseline values, and they remained stable for the
remainder of the 12-week study. While only reaching statistical
signiﬁcance at single time points, there was a trend for IL1b
(P < 0.05 at 1 week) and TNF (P < 0.05 at 3 days) concentrations to
be elevated acutely after fracture, and to return to contralateral8/group) with a 95% CI indicated with error bars. As expected, the 2-mm step-off group
cture. Error bars represent a 95% CI. There was no difference between the anatomic and
lized to the individual animal's pre-operative values. Statistically signiﬁcant (P < 0.001)
Fig. 6. Fracture- and time-related changes in synovial ﬂuid cytokine concentrations. There was no difference between the anatomic and the step-off groups, so the average is the
average of all 16 study animals. Error bars are 95% CIs. IL6 and IL8 increased signiﬁcantly at one and 2 weeks after fracture and returning to contralateral values after 4 weeks. IL1b
and TNF concentrations demonstrated a similar trend; however, that trend only reached statistical signiﬁcance at single post-operative time points.
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post-operative increases in non-fractured contralateral cytokine
concentrations may be indicative of a systemic response; however,
without a non-fracture control group with similar synovial ﬂuid
sampling, it is impossible to deﬁnitively conclude that this is not
simply natural variation in synovial ﬂuid cytokine concentrations.
The other six inﬂammation-related cytokines measured did not
show any strong trends associated with time after fracture. Con-
centrations of IL4, IL10, IL12, GM-CSF, IFNg, and TGFb1 were nearly
identical between the fractured hock and the uninjured contralat-
eral (Supplemental Data).
Histological analysis
On both the medial and the lateral talar cartilage surfaces,
maximum Mankin scores were signiﬁcantly higher in the step-off
group than in the normal group (P < 0.0001 lateral, P ¼ 0.007
medial) or in the contralateral limbs (P ¼ 0.003 lateral, P ¼ 0.036
medial). Several specimens of talar cartilage in the anatomic
reconstruction group had much higher Mankin scores than normal
cartilage, although several anatomically reconstructed specimens
that did not develop PTOA prevented the difference between
groups from achieving statistical signiﬁcance (P ¼ 0.27 lateral,
P ¼ 0.55 medial). This ﬁnding indicated cartilage articulating with
the step-off degenerated more over the 12-week survival period
than the cartilage articulating with an anatomic reduction. Talar
cartilage from the contralateral limbs also showed slightly elevated
Mankin scores relative to normal cartilage, but to a lesser degree
than the step-off fracture cases (Fig. 7).
On the tibia, only the lateral surface in the step-off fracture
group had signiﬁcantly higher Mankin scores than normal cartilage
(P ¼ 0.019) or the intact contralateral (P ¼ 0.025). There was a non-
signiﬁcant trend (0.27 < P < 0.89) for the fractured medial tibial
cartilage to have elevated Mankin scores compared to normal
cartilage.Discussion
In this work, a well-controlled IAF of the distal tibia in the
Yucatan minipig replicated several histological and biological
characteristics of PTOA over a 12 week survival period. Progressive
joint degeneration occurred after open reduction and internal ﬁx-
ation treatment equivalent to that used in human patients.
Fracture-related decreases in limb loading recovered to nearly pre-
operative levels over the course of the study (Fig. 5), presumably
corresponding to bony healing that occurred over a human-
relevant time period. While animals with step-off reduction
developed more severe histological degeneration of the cartilage
(Fig. 7), anatomic fracture reconstruction was insufﬁcient to pre-
vent the development of PTOA in several animals.
One of the main goals of this work was to create a highly
consistent IAF pattern, which required the use of moderately
invasive hardware ﬁxtures to constrain the bones during impact
and a stress-rising saw cut to guide the size and location of the
fracture fragment. Given that surgery for fracture reduction and
rigid internal ﬁxation is similarly invasive in human patients, and
because only one small incision beyond that needed to reduce and
plate the fracture was required to access the relevant anatomy for
fracture creation, it is unlikely that the application of these ﬁxtures
substantially affected the local or systemic biological response in
this model. The fracture methodology resulted in a highly
controlled cartilage injury with reproducible IAF fracture locations
and similar impact energies absorbed by the joint during fracture.
To document biological reaction to the impact fracture injury,
we monitored inﬂammatory cytokine concentrations. Based on
previous animal work in which IAF did not cause any trends in
systemic inﬂammatory cytokine levels20, we elected to focus
entirely on synovial ﬂuid rather than serum cytokine concentra-
tions. While inﬂammatory cytokine concentrations have not been
well studied in human patients after IAF, it has been shown that
IL1b, IL6, IL8, and TNFa are all substantially elevated acutely after an
Fig. 7. Maximum (top) and average (bottom) Mankin score in each compartment of
the minipig hock. Empty shapes indicate individual specimen average (top) or spec-
imen maximum (bottom) Mankin score, ﬁlled shapes are averages of all animals for the
given joint surface, and error bars are 95% CIs. Mankin scores in the step-off reduction
group were higher than scores in normal cartilage in all compartments. Statistically
signiﬁcant differences between the step-off group and normal (black bars) and be-
tween the step-off group and the associated contralaterals (gray bars) are indicated
with associated P values.
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and in PTOA, these particular cytokines are associated with an in-
ﬂammatory response that promotes cartilage breakdown17, which
makes replicating ﬂuctuations in these cytokines a crucial feature
of a useful animal model. While fracture-related increases in
minipig IL1b and TNFa concentrations did not maintain statistical
signiﬁcance, it is possible that their peak values were not captured
at our 3-day and 1-week sampling times. Sward et al. reported
maximum levels of these cytokines in human patients 1 day after
injury, which began to resolve within 2e3 days after injury34. The
signiﬁcantly increased IL6 values at our sampling time points may
be a result of upregulation caused by previous increases in IL1b that
had begun to resolve by 3 days post injury.
The histologically evident cartilage degeneration in joints with a
2-mm step-off was more severe than in anatomically reduced
joints; however, several of the joints in the anatomic reconstruction
group had substantially elevated Mankin scores (Fig. 7). This indi-
cated PTOA development even after best-case reconstruction, a
ﬁnding which occurs in many human IAF patients12. Longer term
follow up of this animal model will be important to determine if
these histological changes in cartilage progress to fully eroded
cartilage and bony changes characteristic of late stage osteoar-
thritis. Mankin scores were elevated relative to normal cartilage inthe contralateral joints as well. While not impacted or fractured,
these contralateral joints were also likely damaged to a lesser de-
gree as a result of (1) the sequential synovial ﬂuid draws over the
course of the study, and (2) increased joint loading to compensate
for the decreased fractured limb loading that occurred at the early
post-operative time points. This work did not include a control
group with only synovial ﬂuid draws, which prevented determi-
nation of the amount of cartilage degeneration attributable to ﬂuid
draws vs the combination of ﬂuid draws and mechanical overload.
The Mankin score is not intended for application to tissues other
than native articular cartilage. Therefore the naturally occurring
synovial fossa (Fig. 8A)30 and large areas of ﬁbrocartilage in the
healed fracture gap were omitted from scoring, leaving peripheral
spans of tibial cartilage available for evaluation. Based on previous
work15,25 in which cell death was concentrated around fracture
lines, we did not expect statistically signiﬁcant differences in tibial
cartilage Mankin scores outside areas immediately adjacent to the
fracture. Moving the location of the fracture line further from the
synovial fossa or using a cartilage repair histological grading scale
may provide statistically signiﬁcant changes in tibial cartilage
health. However, the consistent degeneration of talar surface
cartilage, which was subjected to impact and then articulated with
a repaired fracture, provides excellent evidence of the development
of PTOA in this model.
There are several limitations of this new model that must be
considered upon interpreting this work. First, there was not a non-
fracture control group undergoing synovial ﬂuid draws, imaging,
and histological analysis. Rather, we used pre-operative data, data
from the contralateral limbs, and data from normal pigs for com-
parisons with the IAF limb. While there was a slight age difference
between the normal animals (average 27 months of age) and the
experimental animals (average 33 months of age at time of sacri-
ﬁce), both groups were skeletally mature and the few months dif-
ference amounted to a small fraction (~3%) of a pig's natural
lifespan. Therefore, it was felt that differences between fracture and
normal were a result of the IAF, and not a result of age. Future work
should include additional control groups to allow for evaluation of
the effects of age, the presence of hardware, and effects of needle
insertion into the joint.
Secondly, the fracture was reduced and ﬁxed immediately after
creation, signiﬁcantly faster than the timeline of human treatment
which is often delayed by a period of several days or weeks to allow
for overlying soft tissues to stabilize before surgery. This delay
could extend the inﬂammatory response, potentially increasing the
speed or severity of subsequent joint degeneration. Therefore the
minipig model with immediate fracture ﬁxation may be a best-case
scenario in terms of cartilage health after an IAF. Another limitation
of this work was that we only assessed joint inﬂammation using
synovial ﬂuid inﬂammatory cytokine concentrations. While the
results were encouraging in terms of the minipig model being
similar to a human joint injury response, evaluation of synovial
inﬂammation or cartilage catabolism would provide important
additional information. And ﬁnally, because this work is the ﬁrst
report of a new animal model, no formal sample size calculation
could be performed, and lack of statistical signiﬁcance in a few of
our measures may be a result of low statistical power.
The ﬁnancial burden of using this large animal species makes it
unsuitable for large-scale investigations of all candidate in-
terventions. Rather, this minipig model of PTOA development after
IAF is intended to be a vehicle to translate ideas for PTOA treatment
that have proven promising in benchtop studies and/or in small
animal models into clinical practice. The extremely well-controlled
insult methodology and consistency of fracture fragment size and
location ensure that future investigations with this model will yield
quality preclinical data, and the ability to perform open reduction
Fig. 8. Illustration of the synovial fossa and its location relative to the fracture in an intact (A) and fractured (B) tibial surface. While the synovial fossa does not have the same
appearance as normal articular cartilage, it should not be mistaken for damaged or arthritic cartilage. Images C and D and the associated insets show typical cartilage damage on the
talar surface. Sections are the anterior half of the talus with anterior to the right. The region of degenerated cartilage in the talar surface opposing the fractured case corresponds to
the location of the fracture line on the tibia. Arthritic changes including depletion and extreme hypocellularity are evident in the fractured joint (lower right inset).
J.E. Goetz et al. / Osteoarthritis and Cartilage 23 (2015) 1797e18051804and internal ﬁxation will conﬁrm that any biological treatments
will be applicable within the context of human-like fracture
treatment.
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